To analyze the expression of cell-surface molecules on neurons or glia during myelination, we have developed a xenotypic coculture system in which mouse oligodendrocytes interact with rat dorsal root ganglion neurons. The axo-glial interactions in these cultures promote oligodendrocyte precursor cell proliferation, survival, and differentiation as in vivo, thus supporting the validity of the xenocultures as a model system to study myelination in which the molecules on the neurons or the glia can be distinguished using species-specific antibodies. We examined the expression of integrins, the major family of cellsurface extracellular matrix receptors, on oligodendrocytes during the early stages of myelination and found that, unlike Schwann cells, oligodendrocytes do not express (~6p4 in association with myelin sheath formation. The pattern of integrin expression observed on oligodendrocytes in these cultures is similar to that seen in oligodendrocytes that differentiate in purified cultures, and it comprises (~6p1, avp5, and an as yet uncharacterized av-associated p subunit of 80 kDa. Changes in integrin expression associated with differentiation, therefore, do not depend on axonal contact, and /34 is not required for myelin sheath formation, although its expression may contribute to the individual properties of oligodendrocytes and Schwann cells.
To analyze the expression of cell-surface molecules on neurons or glia during myelination, we have developed a xenotypic coculture system in which mouse oligodendrocytes interact with rat dorsal root ganglion neurons. The axo-glial interactions in these cultures promote oligodendrocyte precursor cell proliferation, survival, and differentiation as in vivo, thus supporting the validity of the xenocultures as a model system to study myelination in which the molecules on the neurons or the glia can be distinguished using species-specific antibodies. We examined the expression of integrins, the major family of cellsurface extracellular matrix receptors, on oligodendrocytes during the early stages of myelination and found that, unlike Schwann cells, oligodendrocytes do not express (~6p4 in association with myelin sheath formation. The pattern of integrin expression observed on oligodendrocytes in these cultures is similar to that seen in oligodendrocytes that differentiate in purified cultures, and it comprises (~6p1, avp5, and an as yet uncharacterized av-associated p subunit of 80 kDa. Changes in integrin expression associated with differentiation, therefore, do not depend on axonal contact, and /34 is not required for myelin sheath formation, although its expression may contribute to the individual properties of oligodendrocytes and Schwann cells. Key words: oligodendrocyte; Schwann cell; neuron; cocultures; in tegrin; differentiation; myelina tion
Myelination represents a striking example of cell-cell interaction and cell differentiation during development of the CNS. Precise control of oligodendrocyte precursor migration, proliferation, and differentiation is required before axo-glial contact and the formation of the multilamcllar compacted myelin sheath. Growth factors regulate migration, proliferation, differentiation, and survival of oligodendrocytes and their precursors (Noble et al., 1988; Armstrong et al., 1YYO; Barrcs et al., 1992; Louis et al., 1993; McKinnon et al., 1993; Pfeiffer et al., 1903; Barres and Raff, 1994) . Less attention has been paid to another group of extracellular cues, extracellular matrix molecules (ECM), despite evidence that these molecules play significant instructive roles elsewhere in development (Adams and Watt, 1993; DeSimone, 1994; Hynes, 19Y4) . ECM molecules such as fibronectin, laminin, vitronectin, thrombospondin, and tenascin are expressed in developing white matter during dcvelopmcnt (Chun and Shatz, 1988; McLoon et al., 1988; O'Shea et al., lY90; Neugebauer et al., 1991; Bartsch et al., 1992a,b) , and oligodendroglia express a limited repertoire of integrins, the major class of ECM receptors, during development (Malek-Hedayat and Rome, 1994; Milner and ffrench-Constant, 1994) . In addition, arginine-glycine-aspartic acid peptides that block some integrin-ECM interactions perturb oligodendrocyte ditferentiation and myelin gene expression (Cardwell and Rome, 1988; Malek-Hedayat and Rome, 1994) , illustrating a significant role for ECM molecules in myelination.
The expression of integrins is regulated during development, consistent with an instructive role for integrins in controlling oligodendroglial proliferation and differentiation (Milner and ffrench-Constant, 1994) . These earlier studies of oligodendroglial integrins, however, were based on results obtained in oligodendrocytes cultured without neurons. Schwann cells, like oligodendrocytes, express a6pl before myelin formation, but axonal contact and wrapping is associated with a switch in u6 association from /31 to fi4 (Einheber et al., 1993; Feltri et al., 1094; Niessen et al., 1994a) . The p4 and pl cytoplasmic domains are diIferent (Hogervorst et al., 1990; Suzuki and Naitoh, 1YYO; Tamura et al., 1990) , and this might have important functional consequences for the Schwann cell. This result emphasizes the importance of also establishing the regulation of oligodendrocyte integrins during axo-glial interactions. To do this, we have used a xenotypic coculture system in which mouse oligodendroglia interact with rat dorsal root ganglia neurons. This system allows the use of antibodies specific to mouse or rat integrins to distinguish glial and neuronal integrins. By using such species-specific anti-integrin monoclonal antibodies in immunoprecipitation experiments, we have shown that, unlike Schwann cells that express cu6p4 at the onset of myelination, the repertoire of integrins expressed on oligodendrocytes is not influenced by the presence of neurons. 
MATERIALS AND METHODS

Proliferation
When oligodendrocyte precursors from rat or mouse brain were plated onto rat DRG axon networks, they proliferated at a higher rate than those plated on poly-r.-lysine (PLL) in the absence of neurons, as measured by tritiated thymidine uptake (Fig. 1) . The influence of the neurons on oligodendroglial proliferation was similar regardless of whether the oligodcndroglia were from rat or from mouse (Fig. I) . Proliferation of oligodendrocyte precursors of either species could be revealed directly in double-labeling immunofluorcscence studies by showing that cells expressing the oligodendrocyte precursor marker GD3 had incorporated BrdU added for 24 hr to the culture (Fig. 2) . Quantitative analysis of these double-labeled cells confirmed the enhanced proliferation seen in the presence of neurons (Fig. 3) .
Survival
Oligodendroglial cells require defined survival factors to prevent programmed ccl1 death when grown in purified cultures (Barres and Raff, 1994) . We found that the mouse oligodendrocytes that developed from precursor cells plated in the absence of neurons and identified by antibodies against GalC died in a defined medium containing 1% HS. As assessed by propidium iodide exclusion, all cells were dead within 8 d (Fig. 4) . In contrast, when the same cells were grown under identical culture conditions but in the presence of rat DRG neurons, most oligodendrocytcs survived beyond 30 d in culture (Fig. 4) .
Differentiation
In agreement with previous studies (RalI ' et al., lY83; Levi ct al., 1987; Behar et al., 1988 ; Hardy and Reynolds, lY91), we found that oligodendrocyte precursors of both species grown on PLLcoated coverslips in defined medium differentiated predominantly into oligodendrocytes expressing GalC and MBP, whereas a minority bccomc type 2 astrocytes expressing GFAP. Mouse and rat progenitors differentiated rapidly in the absence of neurons such that by day 4 in secondary culture, 71 ? 4% of mouse cells and 54 ? 2% of rat cells cxpresscd GalC, whereas ~20% of the cells had differentiated into astrocytes (Fig. 5) . The percentage of cells expressing GFAP increased sharply in the mouse cells after 4 d, reflecting the lack of mouse oligodendrocytc survival in our culture conditions described above. The minor spccics diffcrcnce in the rate of differentiation into oligodcndrocytes was also seen in cocultures, but there was a significant delay in differentiation for both species such that after 4 d in coculture only 42 -C 4% of mouse cells and 26 ? 5% of rat cells cxprcssed GalC (Fig. 5) . Subsequent differentiation proceeded with scqucntial GalC and MBP expression. By day 8, a majority of cells had dilfcrentiated into oligodendrocytes, and there was little difference between the proportion of mouse cells and rat cells expressing GalC (61 t-4 and 62 ? 3%, respectively; Fig. SC) .
Establishment
of axo-glial contact We next examined the cell-cell interactions between mouse and rat neurons in these cultures. A majority of mouse oligodendroglial cells were in contact with axons. More than 95% of all A2BS-expressing cells at 4 hr (Fig. 6,4 ,B) and >9.5%~ of all GalCexpressing cells at 3 d (Fig. 6C,D) were adherent to neuronal processes in low axon density fields. As oligodendrocytcs ditfcrentiated, their processes showed strict alignment along axonal bundles, as shown by GalC (Fig. 7A ,R) and MBP-staining (Fig.  7Cp ). This suggested a strong oligodendrocyte prcfercnce for retaining neuronal contact during process cxtcnsion. Examination by electron microscopy of cocultures after 4 weeks in iirrz, showed compacted myelin sheaths around neuronal processes, dcmonstrating that mouse oligodendrocytes in these cultures form myelin (Fig. SA,B) . These myelin sheaths were extremely ram, however, and were found around < 1% of axons.
Investigation
of integrin expression on oligodendroglia in contact with axons These results show that rat neurons influence the proliferation, survival, and differentiation of mouse oligodcndroglial cells and that myelin sheath formation can occur in these cultures. Having confirmed the validity of the xenoculture system, we analyzed the two classes of integrins expressed on isolated oligodcndrocytcs (cy6 and crv), taking advantage where possible of antibodies spccific to mouse or rat integrins so as to distinguish glial and neuronal integrins.
(~6 lntegrins In a previous study, we used the rat monoclonal antibody GoH3 to identify a6 integrins on oligodendroglial cells (Milncr and ffrench-Constant, 1994) . The GoH3 antibody recognizes mouse but not rat intcgrins. This species specificity is confirmed in Figure  9 , which shows that GoH3 recognizes cu6 integrins on mouse astrocytes but not on rat DRG neurons. Immunoprecipitations performed with the GoH3 antibody on lysates from cstahlished cocultures (in which the oligodendroglial cells had been plated at least 10 d previously) show that (~6 integrins are expressed in this system (Fig. 9) . Because GoH3 does not recognize (~6 on the rat DRG neurons, the observed 016 is derived from mouse oligodendrocytes. Just as with oligodcndrocytes grown in purified cultures, two distinct forms of the (~6 subunit were seen, as shown by two sharp bands separated by -10 kDa on nonrcducing gels. In contrast to mouse oligodendrocytes grown in purified cultures that show a dominant upper band, however, the lower molecular weight band of cwh was consistently shown to predominate on oligodendrocytes grown in neuronal coculture (~7 = 8; Fig. 9 ). Schwann cells also express a6 integrins but switch the expression of associated p subunits from cv6Pl to cu6p4 at the start of myelin sheath formation on DRG neurons (Einhabcr et al., 19Y3; F$+ve 2. Proliferation of oligodendrocytc precursors in neuronal cocultures. In cultures grown for 1 d and then given BrdU for an addittonal 24 hr before immunolahelmg, two daughter precursor cells are shown by phase contrast (A) and anti-GD3 labeling (B) to have incorporated BrdU into their nuclei (C). Magnification, 400X. Feltri et al., 1994; Niessen et al., 1994a) . To determine whether rhis switch is also seen in oligodendrocytes, we performed /34 immunoprecipitations on oligodendrocytes grown in isolation and in the presence of rat DRG neurons. These experiments were performed using the 346-l 1A monoclonal antibody, which recognizes mouse but not rat p4 integrins. In control experiments in which mouse Schwann cells were grown for 10 d in the presence of rat DRG neurons, the Schwann cells express two bands of the expected molecular weights for cr6 (130 kDa) and /34 (210 kDa), whereas rat DRG neurons alone show no bands (Fig. 10) . This confirms that the (~6134 integrin is expressed by the mouse Schwann cells in our culture system. Identical immunoprecipitations on oligodendrocytes, either in isolation or in established neuronal cocultures, failed to show any bands (Fig. lo) , demonstrating that oligodendrocytes, unlike Schwann cells, did not express the (~($34 integrin in these cultures. cyv lntegrins We found previously that isolated oligodendroglia express several members of the ~YV family of integrins and show developmental regulation, with a switch during differentiation from cyvpl to crv@S (Mimer and ffrench-Constant, 1994 in the presence of neurons. Because of the lack of mouse-specific anti-crv antibodies, an alternative approach was taken to analyze p5 integrins on oligodendrocytes in the xenotypic coculture system. This approach involves three sets of experiments. First, crv immunoprecipitations were performed on rat DRG neurons alone to establish the pattern of LYV expression without the presence of glial cells. DRG neurons expressed one (w integrin, consisting of the TYV subunit running at 140 kDa, and one associated /3 subunit running at 80 kDa (Fig. 11) . This p subunit comigrated with the major /? subunit expressed by oligodendroglia; we have shown previously that this band comprises p3 integrin, at least in part, and is quite distinct from p5 and pl. No other Mr-associated /? subunits were expressed by rat DRG neurons, showing that PS is not cxpressed on DRG neurons grown in isolation. Next, av immunoprecipitations were performed on established xenotypic cocultures. In these experiments, only one additional band was observed running at 90 kDa and comigrating with a band already identified as the 05 subunit in isolated oligodendrocyte cultures (Fig. 11) . No band was seen at the size expected for oligodendroglial pl (Fig. 11) . This suggests that differentiated oligodendrocytes express /35 but not /31 in the presence of neurons, just as they do in isolation. Because the anti-av antisera recognize cuv integrins on both cell types, however, it was necessary to exclude the possibility that DRG neurons were induced to express avpS on contact with oligodendrocytes. We immunoprecipitated established cocultures with the mouse monoclonal antibody P3G2, which recognizes rat but not mouse av@, thereby specifically examining the DRG neuron contribution to the p5 band. This immunoprecipitation showed no bands (Fig. ll) , indicating that oligodendrocytes grown in coculture with neurons express cvv@ and a~/380 kDa but not avpl, the same pattern of (YV integrins as differentiated oligodcndrocytes grown in isolation. Some variability in the relative level of p5 expression with respect to 01v was seen in our coculture experiments (compare Fig. 1 L4, lane 3 with B, lane I), which we believe represents the differing ratios of oligodendroglia to neurons in our cultures. (Brodal, 1992) . DRG neurons support myelination by both cell types in vitro (Wood and Williams, 1984; Wood and Bunge, 1986b; Eldridge et al., 1987 Eldridge et al., , 1989 . Cross-species myelination has been dcmonstrated previously, both in L&I by transplanting mouse oligodendrocytes into demyelinated rat spinal cords (Crang and Blakemore, 1991) and rat Schwdnn cells into the mouse spinal cord (Duncan et al., 1981) , and in &KI by myelin formation within mouse cerebellar slices by rat oligodendrocytes (Nishimura et al., 19X5) . We have developed a modification of the in I)&YJ system of myelination by using mouse oligodendrocytes and Schwann cells i n coculture with rat DRG neurons and have illustrated its validity as a tool to study axo-glial interactions by demonstrating the effect of axons on mouse oligodendrocyte proliferation, survival, and differentiation.
DISCUSSION
III vitro cocultures of dissociated neurons and glia have become an
Proliferation of both neonatal and adult rat oligodcndroglial cells established means of examining axo-glial interactions that lead to has been described i n coculture with DRG neurons (Wood and oligodcndrocytc and Schwann cell differentiation and myelination Williams, 1984; Wood and Bungc, 1986a; Zajicek and Compston, (Kleitman et al., 1991) . In viva, the axonal processes of DRG sensory 1994). This response is attributable to axonal membrane-bound and neurons are myelinated within the CNS by oligodendrocytes and -soluble factors secreted by the neurons themselves (Chcn and De within the peripheral nervous system (PNS) by Schwann cells Vries, 1989; Hardy and Reynolds, 1993). Our results show that . Myelin formation in xenoculture visualized by electron microscopy. After 4 weeks in coculture, some mouse oligodendrocytes had wrapped rat DRG axons in concentric myelin membrane (A), which appeared compacted (inset). Double wrapping of an axon was also found (B), with two sets of inner and outer compacted myelin loops present (inset).
mouse oligodendroglia respond to rat DRG neurons with an identithe mitogenic stimuli, these rat-derived survival signals are recogcal proliferative response. We also observed increased survival of nixed by mouse oligodendroglia. oligodendroglial cells, with the rat DRG neurons preventing proWe also observed two significant effects on oligodendrocyte grammed cell death of a majority of mouse oligodendroglial cells. A differentiation in the xenotypic cultures. First, the initial differensurvival-promoting effect of neurons has been described both in viva tiation of oligodendrocyte precursors was delayed. Oligodendroand in vitro (Barres et al., 1993) clock mechanism, which seems to count the cell divisions driven by mitogenic growth factors (Temple and Raff, 1986; Barres and Raff, 1994) . In their absence, the cells drop out of division and differentiate prematurely into oligodendrocytes (Temple and Raff, 1985) . Our results showing delayed differentiation, therefore, are explained most simply by the neuronally produced mitogen driving the normal differentiation timing mechanism. Second, later stages of oligodendrocyte differentiation are enhanced by coculture with neurons. There was extensive membrane sheet formation in culture (C. Shaw, unpublished observations) and, more important, the production of compact myelin sheaths as demonstrated previously by Wood and colleagues (Wood and Williams, 1984; Wood and Bunge, 1986b) . Our results confirm that the cell-cell signals required for initiating and forming the myelin sheath can be recognized across species in vitro, and this is consistent with the results obtained in viuo (Duncan et al., 1981; Crang and Blakemore, 1991) . Because myelin sheaths were rare in our cultures, however, it seems likely that not all of the required signals for extensive oligodendroglial myelin formation are present.
lntegrin expression on oligodendrocytes in contact with neurons A major aim of this study was to determine the difference, if any, between integrin expression on oligodendrocytes grown with and without neurons. We found previously that two classes of integrins, (~6 and cyv, are expressed on purified oligodendroglia (Milner and ffrench-Constant, 1994) . a6 was seen in association with pl, whereas (YV was expressed in association with three different /3 subunits-with a fi subunit at 80 kDa expressed at all stages of differentiation and with /31 in oligodendrocyte precursors and p5 in differentiated oligodendrocytes. We could not examine (~v/31 specifically in our xenocultures because of the lack of speciesspecific reagents. Our results are consistent with the switch in (YV integrins seen in the purified cultures, however, because cuvfl5 but not cuvpl was observed on oligodendrocytes in established cocultures. These observations suggest that the upregulation of cuvp5 associated with oligodendrocyte differentiation does not require axonal contact. Just as with the expression of myelin-specific genes (Zeller et al., 1985; Dubois-Dalcq et al., 1986) , oligodendrocytes differentiating in purified cultures seem to go through developmental changes in integrin expression, despite the absence of neurons. Schwann cells resemble oligodendrocytes in their expression of (r6pl before myelination. The onset of myelination in Schwann cells is associated with a switch from (w6/31 to cu6p4, with the upregulation of p4 being dependent on axonal contact (Einheber et al., 1993; Feltri et al., 1994; Niessen et al., 1994a) . This raises the obvious question as to whether oligodendrocytes also upregulate p4 in association with axo-glial contact before and during myelination. A previous study using immunoperoxidase staining of tissue sections failed to find any evidence for /34 expression in the CNS, suggesting that (~6p4 was not expressed in myelinating oligodendrocytes (Sonnenberg et al., 1990) . We have addressed this directly by using a mouse-specific anti-integrin /34 antibody, and we show that oligodendrocytes differ from Schwann cells in that they do not upregulate /34, and /31 remains the partner of cy6 even in the presence of myelin sheath formation. We believe an alternative explanation that the final stages of myelin sheath formation are so rare in our cultures that any switch from a6pl to cu6p4 would not be seen to be unlikley. In an immunofluorescence study of myelinating rat DRG-rat Schwann cell cocultures, Einheber at el. (1993) found p4 to be upregulated in association with ensheathment but before compaction. Moreover, in an immunoprecipitation protocol similar to our own, Fernandez-Valle et al. (1994) found small amounts of a6/34 in Schwann cells in such cultures even before myelination. Given the evidence for extensive axo-glial interaction in our cultures, some /34 expression by oligodendrocytes, therefore, would be expected if they behaved like Schwann cells in switching from c~6pl to (~6fl4. The absence of p4 expression in our experiments, as determined by a sensitive technique such as immunoprecipitation, argues in favor of a February 1, 1996, 76( The lack of p4 expression on oligodendrocytes raises an obvious question concerning .the role of p4 in Schwann cells. Schwann cells, unlike oligodendrocytes, secrete a basal lamina around the nonaxonal surface during myelination (Bunge et al., 1986) . This is required for myelin sheath formation; culture conditions that prevent basal lamina formation by lacking the ascorbic acid necessary for collagen assembly do not allow myelination (Eldridge et al., 1987 (Eldridge et al., , 1989 . Others have shown that a6P4 binds laminin (Lee et al., 1992; Niessen et al., 1994b; Spinardi et al., 1995) , an ECM component of this basal lamina, and that a6P4 is concentrated in the hemidesmosomes that are responsible in some cell types for adhesion to the basal lamina (Carter et al., 1990; Stepp et al., 1990) . Taken together, these observations suggest that cu6p4 is the integrin responsible for adhesion of the Schwann cell to laminin in the basal lamina. This interaction would be expected to anchor the Schwann cell to the overlying basal lamina, thereby facilitating myelination by preventing counter-rotation of the Schwann cell body around the axon during wrapping. Oligodendrocytes, unlike Schwann cells, myelinate more than one axon, and the multiple processes radiating from the cell will effectively stabilize the cell body during myelin sheath formation. As a result, local anchorage of the cell by basal lamina is not necessary, and p4 expression on oligodendrocytes, therefore, would not be required. In addition to any role in anchorage, p4 expression in differentiated Schwann cells might also contribute to differences in behavior between oligodendrocytes and Schwann cells. The cytoplasmic domain of /34 shares no homology with the cytoplasmic domain of other p subunits and is >lOOO amino acids in size as compared with 47 amino acids for the pl cytoplasmic domain (Hogervorst et al., 1990; Suzuki and Naitoh, 1990; Tamura et al., 1990) . The 04 cytoplasmic domain may have a role in cell signaling, as has been shown for other integrin cytoplasmic domains (Chan et al., 1992; Hynes, 1992; Pasqualini and Hemler, 1994) . If so, it will be important to determine whether the expression of p4 plays a role in the ability of Schwann cells to de-differentiate and proliferate after peripheral nerve lesions (Griffin and Hoffman, 1993) . This property is in contrast to the lack of proliferative response seen in CNS oligodendrocytes after demyelinating lesions (Godfraind et al., 1989; Reynolds and Wilkin, 1993) and may represent one important reason why PNS lesions remyelinate more effectively than those of the CNS.
In conclusion, we have established a xenotypic culture system in which CNS oligodendrocytes form appropriate contacts with neurons. As we have shown, these cultures can be used to analyze the expression of cell-surface molecules in either neuronal or glial populations by using species-specific antibodies. They also offer a promising approach toward investigating the function of integrins and other cell-surface molecules in myelination by allowing the use of species-specific antibodies to block glial molecules without perturbing the function of the neurons.
